One contribution of 17 to a theme issue 'Movement suppression: brain mechanisms for stopping and stillness'.
Scientists have pondered the perceptual effects of ocular motion, and those of its counterpart, ocular stillness, for over 200 years. The unremitting 'trembling of the eye' that occurs even during gaze fixation was first noted by Jurin in 1738. In 1794, Erasmus Darwin documented that gaze fixation produces perceptual fading, a phenomenon rediscovered in 1804 by Ignaz Paul Vital Troxler. Studies in the twentieth century established that Jurin's 'eye trembling' consisted of three main types of 'fixational' eye movements, now called microsaccades (or fixational saccades), drifts and tremor. Yet, owing to the constant and minute nature of these motions, the study of their perceptual and physiological consequences has met significant technological challenges. Studies starting in the 1950s and continuing in the present have attempted to study vision during retinal stabilization-a technique that consists on shifting any and all visual stimuli presented to the eye in such a way as to nullify all concurrent eye movements-providing a tantalizing glimpse of vision in the absence of change. No research to date has achieved perfect retinal stabilization, however, and so other work has devised substitute ways to counteract eye motion, such as by studying the perception of afterimages or of the entoptic images formed by retinal vessels, which are completely stable with respect to the eye. Yet other research has taken the alternative tack to control eye motion by behavioural instruction to fix one's gaze or to keep one's gaze still, during concurrent physiological and/or psychophysical measurements. Here, we review the existing data-from historical and contemporary studies that have aimed to nullify or minimize eye motion-on the perceptual and physiological consequences of perfect versus imperfect fixation. We also discuss the accuracy, quality and stability of ocular fixation, and the bottom -up and top-down influences that affect fixation behaviour.
This article is part of the themed issue 'Movement suppression: brain mechanisms for stopping and stillness'.
1. The quality of ocular fixation: how well do we keep our eyes still?
Human eyes never stop moving, despite our subjective experience to the contrary. Indeed, neuroscience students are often surprised when they learn about their constant eye motion, presumably because they had not previously noted it. Yet, the study of ocular instability has a long history-starting with Jurin's 1738 observation [1] that the 'trembling of the eye' is unremittingbut it has proceeded in spurts and starts, and it is only in recent years that it has become a mainstay of oculomotor and visual neuroscience. It is perhaps owing to uneven research progress in this field that such terms as visual 'fixation' or 'fixational eye movements', have come to exist, given that there is no such thing as gaze fixation. Even when we attempt to anchor our eyes to an object or feature of interest, we still produce so-called fixational eye movements-namely microsaccades, drift and tremor (figure 1).
(a) Microsaccades
A diminutive version of classical saccades-the rapid eye movements that change the line of sight from one fixation target to the next-microsaccades or fixational saccades are small-magnitude saccades produced during the attempt to fixate one's gaze on a target [4 -6] . The largest and fastest of the three fixational eye movement types, microsaccades carry the retinal image across several dozen to several hundred photoreceptors [7, 8] . They occur at a rate of one to two per second during sustained fixation attempts [9] , and at a rate of approximately 0.5 per second during the brief fixations that occur while freely viewing a visual scene [10] . Fourteen per cent of fixations during free visual exploration of natural scenes contain microsaccades (although certain characteristics of the image can elevate both the percentage of fixations containing microsaccades, and the microsaccade rates per fixation) [10, 11] . Recent research has established that classical saccades and fixational microsaccades have a common oculomotor origin [5, 10, 12, 13] . Accordingly, there is a growing list of shared properties of microsaccades and saccades. For instance, both microsaccades are typically binocular and conjugate eye movements [14 -16] ; microsaccade and saccade peak velocities are parametrically related to microsaccade and saccade amplitudes [10, 17] and durations [18, 19] , a relationship known as the (micro)saccadic main sequence (figure 1b); visual perception thresholds are raised during both microsaccades and saccades, a phenomenon known as (micro)saccadic suppression [20] ; and both microsaccades and saccades are linked to attentional shifts [21 -23] . Microsaccades activate neurons in multiple areas of the visual pathway [8, 24, 25] (see [5] for a review). Microsaccade occurrence is moreover associated with increased target visibility and various other perceptual effects [19,26 -33] . In addition, microsaccades appear to contribute critically to information extraction during visual scanning [11] and the performance of high-acuity tasks [34] .
(b) Drift
Drift is the slow (usually less than 2 deg s
21
), curvy motion that occurs during the periods of relative fixation between microsaccades and/or saccades. Referred to as 'slow control' in some early studies, drift is typically not conjugate and it resembles a random walk [35] (figure 1a). The physiological and perceptual consequences of drift are less well known than those of microsaccades. Some reports have linked drift production to the sustained activation of area V1 neurons [36] (as opposed to the transient activation triggered by microsaccade production [8, 24] ). Recent research indicates that whereas only microsaccades effectively restore visibility after perceptual fading during fixation [26] , both microsaccades and drift serve to prevent fading from occurring in the first place [33] .
(c) Tremor
Also known as ocular microtremor, tremor occurs simultaneously with drift. It is the smallest of the three fixational eye movements, with an amplitude roughly equal to one photoreceptor width, and dominant frequencies averaging approximately 84 Hz and ranging from 70 to 103 Hz [4, 37] . Tremor's minute nature has posed a significant challenge to its non-invasive measurement. Thus, little is known about the physiological or perceptual consequences of tremor on primate vision [4] . No studies to date, to the best of our knowledge, have found a direct link between tremor production and human visual perception [38] .
(d) The changing sizes of microsaccades: early versus contemporary studies
To measure the quality of ocular fixation, one must be able to establish how often, and to what extent, eye motion intrudes upon perfect fixation. Because fixational eye movements are the main disruptors of gaze stillness during fixation, one must objectively ascertain their basic dynamic properties, such as frequency, speed and amplitude, to determine the extent and limitations of gaze (in)stability. As mentioned earlier, many more studies have been conducted on microsaccades than on drift and especially tremor, because the properties of the latter (e.g. the minute magnitude of tremor) challenge the capabilities of most eye-tracking systems. Yet, it is the magnitude of microsaccades that has been an object of controversy for the better part of the past decade and a half. Briefly, many early studies considered microsaccadic eye movements to be smaller than 12 arc min [39] . This original rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160204 cut-off arose from observations that the distribution of microsaccadic sizes fell off drastically after 12 arc min, but later research was unable to replicate the finding. Instead, studies conducted in the new millennium typically found microsaccadic magnitudes to reach up to (and sometimes go beyond) 18 of visual angle [5, 9] (see also figure 1b(i)). Various possible explanations for this discrepancy have been proposed, including (a) Use of naive versus trained subjects. Rolfs has proposed that, whereas contemporary studies typically rely on naive subjects with minimal fixation experience, older studies used to rely on highly trained observers-often the scientists conducting the research-who were able to maintain unusually stable gaze fixation [40] . However, various contemporary studies have found that trained and naive subjects exhibit equivalent microsaccade magnitudes [19, 27] . Winterson & Collewijn [41] found that naive subjects could be taught to transiently suppress their microsaccade production, but it is unclear if this reduction in rate was accompanied by a size decrease [42] . (b) Higher signal-to-noise ratio in contemporary eye-trackers. Collewijn & Kowler [39] have argued that current video-oculography methods produce noisier data than the optical levers from the 1960s and 1970s. One limitation of this hypothesis is that, whereas noise in the signal might lead to unreliable detection of the smallest microsaccades (i.e. 5 arc min), it does not explain the shift to the larger maximum sizes [42] . Conducting simultaneous recordings of human microsaccades with video-oculography (EyeLink 1000, SR research) and a contact lens-mounted search coil, McCamy et al. [43] found good correspondence of microsaccade detection from video-tracking and search coil data, except that 5% of the microsaccades classified in one system were not classified in the other. This minor discrepancy was largely constrained to microsaccades smaller than 0.58. At the opposite end, 100% of microsaccades larger than 0.58 detected with the search coil were also detected with the video-tracker, and 99.8% of microsaccades larger than 0.58 detected with video-tracking were also detected with the search coil method. (c) The optical lever method used in the early studies may have reduced the sizes of microsaccades by hindering eye motion [5] . Indirect support for this possibility comes from the observation of reduced magnitudes in microsaccades recorded with a piezoelectric sensor requiring contact with the surface of the eye [38] . (d) Contemporary video-based eye-trackers measure different ocular structures from the older techniques, and the movements of these structures may differ during a microsaccade. Most current eye trackers measure pupil movements, whereas older techniques such as the optical lever tracked other structures more aligned with the movement of the eyeball as a whole (as do search coils). Nystrom et al. [42] analysed eye images to compare the motion between the first and the fourth Purkinje reflections as well as the pupil during underlying microsaccades, and found pupil-based eye-trackers to overestimate the peak velocity and overshoot amplitude of microsaccades. However, McCamy et al.'s [38] simultaneous recordings of human microsaccades via search coil and video-tracking techniques produced no significant differences in the magnitudes of microsaccades recorded with one method versus the other. Yet, it is possible that search coils could distort the eye movement dynamics during coil-and video-systems co-recordings [42] . (e) Contemporary automated microsaccade-detecting algorithms can produce larger estimates of microsaccade magnitudes than the manual detection methods used in early studies. Nystrom et al. [42] found larger microsaccade magnitudes, on average, with the popular microsaccadedetecting algorithm developed by Engbert & Kliegl [23] than with manual tagging. (f ) Early microsaccade analyses might have omitted square wave-jerks (SWJs), whereas contemporary studies are likely to include them. SWJs are comprised of an initial microsaccade that takes the eye away from the fixation target, shortly followed by a corrective microsaccade back towards the target: both microsaccades tend to be larger than 0.58 [44 -48] . (g) An additional obstacle to comparing microsaccade data from early and contemporary studies is that the early studies did not usually disclose 'the exact computation of onset, offset, or amplitude, even though results including amplitudes were reported' [42, p. 18 ]. (h) Other possible discrepancies between older and contemporary studies include differences in the amount of head motion allowed by bitebars versus chinrests, as well as 'changes in behavioral strategies due to contact lens wear, and differences in visual recording environments' [42, p. 18] .
The reasons behind the considerable increase in microsaccadic size in the new millennium remain largely undetermined at the time of this writing. Nystrom et al. [42] conducted the most comprehensive attempt to date to explain the difference (in terms of the ocular structures tracked by early and current studies, and the use of automated algorithms to detect microsaccades in recent work). Their data, they concluded, may account for 'a twofold difference in amplitude', but 'it cannot explain the fivefold increase in maximal amplitude from 12 min arc to about one degree' [42, p. 23] . A definite reason (or combination of reasons) for the historical difference may no longer be within our reach, but despite this lack of closure, current consensus seems to have largely consolidated around a definition of microsaccades that includes magnitudes up to 18 [5, 9] .
(e) Visual and cognitive determinants of fixation accuracy
Bottom-up, as well as top-down factors, have been shown to affect fixational dynamics in humans and primates. Here we review some of the visual and cognitive influences on gaze stability.
(i) Visual factors
During prolonged fixation, the physical parameters of the fixation target-such as its size [46, 49] , shape [50, 51] , colour [52] or eccentricity [53] -can affect fixational eye movements. For instance, microsaccade rates decrease linearly and microsaccade magnitudes increase linearly with target size [46] . Fixation target luminance has little effect on microsaccade rates and magnitudes, however [46, 49] . During exploration and search, the characteristics of the visual scenes presented also affect fixational eye movements. For instance, blank visual scenes result in decreased saccade rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160204 and microsaccade production, compared with natural scenes [10, 54] . Microsaccades are also less frequent, albeit larger, in the dark, whereas drifts are both larger and more frequent. Dark backgrounds, moreover, produce a fixational upshift, driven mainly by microsaccades, in which fixation is directed above the fixation target. The upshift is caused by the background's low luminance, rather than by low contrast between the background and the fixation target [14, [55] [56] [57] .
The content of natural scenes also affects microsaccade production, with higher rates of microsaccades concentrating on salient parts of the scene (i.e. on faces versus non-faces, and on objects versus backgrounds) [10, 11] . McCamy et al. [11] found that observers generate more microsaccades on more informative than less informative natural scene regions (figure 2) and proposed that the visual system uses microsaccades to increase information acquisition from informative locations. This same study also found that microsaccade rates were higher in scene regions that had low redundancy in terms of their classical statistics (i.e. high contrast, high entropy and low correlation). The size of the visual scene explored also affects (micro)saccadic rates and magnitudes. A recent study measured eye movements during fixation and exploration of natural and blank scenes of diminishing sizes. As the scene sizes decreased, subjects scanned them with smaller and less frequent (micro)saccades [58] (figure 3).
(ii) Cognitive factors
In 1952, Barlow [59] proposed that microsaccades represented shifts in visual attention. Numerous studies conducted subsequently have established a powerful link between attention targeting and microsaccade production (see [5] for a review of the cognitive influences on microsaccade rates and directions). Thus, it makes sense that attentional cues should affect microsaccade rates. Notably, attentional shifts can cause the eyes to stop briefly. The microsaccadic rate transiently drops approximately 100-200 ms after the onset of an attentional cue, followed by a transient rate enhancement. This phenomenon, known as microsaccadic inhibition, or the 'microsaccadic signature', was first reported by Engbert & Kliegl [23] and follows a comparable time course to that described previously for large saccades [21] .
Cognitive factors also affect fixation and microsaccade production during the performance of non-visual tasks. A recent study found that increased difficulty in a mental arithmetic task resulted in decreased microsaccade rates and increased microsaccade magnitudes [3] (figure 4). More generally, mental fatigue owing to increased time-on-task has the effect of destabilizing fixation by decreasing saccadic and microsaccadic velocities and increasing drift velocity [60, 61] . These findings have potentially critical implications for the replication of experimental data collected from tired subjects. Certain alterations to the physiological environment, such as hypobaric hypoxia, also produce unstable fixations and increased drift velocities [62] .
Gaze fixation versus 'gaze holding'
Classic studies found that experimental subjects could be trained to suppress microsaccade production for several seconds at a time [63] [64] [65] . The directions given to subjects, in particular, affected their microsaccade production: participants produced fewer microsaccades when instructed to 'hold' their eyes in place than when instructed to merely 'fixate' [63] . Winterson & Collewijn [41] also found that naive subjects could reduce their microsaccade rates from 2 to 0.5 Hz 'with minimal instruction'. More recently, Tse et al. reported that, in task conditions where the goal is to maintain very accurate fixation, the sudden onset of a stimulus-which typically captures attention-has no influence on microsaccade or drift dynamics [66, 67] .
Microsaccade production during the performance of high-acuity tasks rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160204 either shot a rifle or threaded a sewing needle, and concluded that microsaccades were 'neither important nor essential for the successful completion' of such tasks. Bridgeman & Palca [68] reported similar results with a high-acuity task that was purely visual in nature. Thirty years later, Ko et al. [34] reexamined the question by asking subjects to thread a needle in a virtual environment. Unlike the previous studies, they found that microsaccades produced during their high-acuity task were critical to its performance, in that they sequentially relocated the centre of gaze between the tip of the thread and the eye of the needle, to help maintain their relative alignment.
(f ) Neurological conditions resulting in increased fixation instability
Various neurological disorders present with increased instability during gaze fixation, which can result in blurred and shaky vision. Recent research efforts have focused on characterizing fixational eye movements, especially microsaccades, in neurological disease, seeking a better understanding of its pathogenesis, and aiming to improve early and differential diagnosis (see [5, 69] for reviews).
Retinal stabilization then and now: classic studies and contemporary research
Scientists have pondered the perceptual effects of ocular motion, and those of its counterpart, ocular stillness, for over 200 years. In the late 1700s, more than 50 years after Jurin's report of relentless eye trembling, Erasmus Darwin (a grandfather of Charles Darwin) documented that fixing one's gaze (which minimizes eye motion without stopping it completely) can dramatically affect perception. Darwin wrote that staring at a small sample of scarlet silk on white paper for a long time caused the fabric to grow ever dimmer in colour until it appeared to vanish [70] . In 1804, the Swiss philosopher Ignaz Paul Vital Troxler rediscovered the phenomenon [71] , and noted that deliberately focusing one's gaze on a target can make unmoving images in the surrounding region gradually fade away-this type of vanishing illusion is known today as Troxler fading (figure 5).
The mechanisms producing and thwarting Troxler fading are not well understood, although they presumably result from the interaction between eye movement production (or lack thereof ) and neural adaptation (i.e. decreased or absent neural responses to unchanging stimulation). Helmholtz [74] originally suggested that the incessant 'wandering of the gaze' prevented retinal 'fatigue'. It is likely, however, that neural adaptation ensuing from lack of eye motion affects neurons throughout the visual pathway. In the late 1950s, Clarke made a connection between Troxler's fading and the fading of stabilized images in the laboratory (see paragraphs below), and attributed both phenomena to neural adaptation [75] [76] [77] [78] . McCamy et al. [33] have proposed that the prevention and reversal of visual fading, although they appear phenomenologically complementary, may involve different neural mechanisms as well as adaptation timescales.
The effects of ocular stillness on perception became a focused area of research in the 1950s, when technological developments allowed for the first time the study of vision in conditions of 'retinal stabilization' [79] [80] [81] [82] . Retinal stabilization techniques entail shifting any and all visual stimuli presented to the eye in such a way as to nullify all concurrent eye motion. Many of the initial investigations relied on Yarbus's novel implementation of the suction cup technique, where a suction device served to attach a tightly fitting contact lens assembly to the eyeball. The contact lens assembly displayed an image (which the subject viewed through a powerful lens), so that every gaze displacement resulted in the image moving with the eye and negating the effects of eye motion. The motion cancellation (even if less than perfect, owing to contact lens slippage and other difficulties [83] ) led to rapid visual fading, usually after a few seconds (but sometimes taking longer).
In 1956, Cornsweet [55] found that perceptual fading under gaze stabilization conditions did not increase the frequency of microsaccades or the size of drift, and concluded that target disappearance is not the stimulus for saccades (later studies replicated his conclusion [54] ). We note, however, that even if reduced visibility fails to raise microsaccade rates, microsaccade occurrence does have the effect of enhancing visibility (see 'Tightly timed correlations' section for details). This kind of one-directional relationship is quite common in physiology (increased exercise has the habitual effect of raising one's heart rate, even if decreased heart rates do not trigger bouts of physical activity). As to what, then, serves to jumpstart microsaccade production: the evidence supports a combined role of both fixation error and neural noise in triggering microsaccades, with the contribution of each signal depending on the magnitude of the fixation error (see [48] for a review).
More heroic attempts to completely eliminate eye motion were to follow. In 1976, John K. Stevens underwent the intravenous injection of a paralytic drug with the intent to obliterate eye movements (he received artificial ventilation during the experiment; figure 6 ). An arterial tourniquet prevented local blood flow to one of Stevens' arms, allowing him to use his unparalysed fingers to provide simultaneous reports of his perception. Stevens's perceptual experience was greatly hampered by image fading, which 'became a real problem' during his full-body paralysis [84] .
Later approaches to gaze stabilization moved away from the suction cup technique, measuring instead the movements of the eye in a non-invasive fashion, and then transmitting the eye-position data to a projection system that moves the image with the eye [85, 86] . This transmission is not instantaneous, however, but it includes a significant delay (7.5-10 ms in some recent studies; see for instance [54] ), which may produce the unintended refresh of the retinal image and thus the disruption of fading. Such unaccounted for, or residual, eye motion, can greatly complicate data interpretation and replication of retinal stabilization studies.
(a) Caveats of retinal stabilization studies
Starting in the 1950s, and throughout subsequent decades, there was a proliferation of attempts to study vision during retinal stabilization conditions, with and without superimposing simulated eye motion on the purportedly stabilized image. Unfortunately, no historical or currently available method Figure 5 . Troxler fading. In Impression, Sunrise, by Claude Monet, the rising sun appears brighter than the rest of the scene, but has the same physical luminance as the background clouds [72] . Equiluminant objects are very susceptible to Troxler fading: fixating one's gaze on the sailor for a few seconds makes the solar disc fade from perception [73] . Figure 6 . Stevens's full-body paralysis experiment. The subject laid down on an operating table. A projector illuminated a small mirror mounted on a stalk attached to a tight fitting contact lens. This produced a dot on the screen that followed the subject's eye movements. From [84] .
rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160204 ensures perfect retinal stabilization, particularly in the presence of microsaccades and saccades, owing to their high velocityexcept perhaps in the case of entoptic images, which are limited in their experimental scope. Such obstacles to complete stabilization pose an important caveat to data interpretation. Indeed, studies from different groups have often arrived at contradictory results, perhaps owing to different amounts of undetermined residual motion in different experiments. Another problem with visual stimulation during retinal stabilization conditions is that even perfectly stabilized eye movements may result in associated corollary discharges from oculomotor areas-thus introducing another confounding factor in the interpretation of findings.
One might wonder whether pharmacological paralysis of the extraocular muscles could be a better way to stop eye motion (as opposed to traditional retinal stabilization). Yet, eye paralysis also has a number of caveats (in addition to its invasiveness), including the fact that any attempted eye movements during eye paralysis may still produce corollary discharges. Thus, attempted saccades during eye paralysis might result in the perceived displacement of the visual field. Eye paralysis moreover precludes simultaneous or interleaved recordings of behavioural or neural responses to eye motion and to stimulus motion, as well as-for all practical purposes-recording from the same neurons before and after eye paralysis. More critically, no currently available technique ensures perfect eye paralysis in an awake animal or subject [25] .
(b) Eye paralysis in the clinic
Some clinical conditions resulting in eye paralysis provide a rare, albeit intriguing, glimpse into the characteristics of everyday vision in the absence of eye movements. Gilchrist and co-workers conducted a series of studies in a patient (A.I.) who was unable to make saccades [87, 88] . One might have expected A.I. to struggle with frequent instances of visual fading (owing to neural adaptation resulting from her lack of eye motion). Instead, the young woman was able to conduct normal visual and visuomotor activities with little difficulty, including reading at normal speed or making herself a cup of tea [88] . The reason for A.I.'s visual proficiency is that she had learned to produce 'head saccades'. That is, she constantly moved her head in such a way as to mimic regular eye saccades (indeed, A.I.'s head saccades were comparable to standard saccades in their amplitude, duration of intersaccadic intervals, length of intervening fixations and range of visual scanning during the exploration of an image, even though they had lower speeds). It is interesting to note that A.I.'s pathology did not preclude her from producing small-amplitude drifts. Yet, she supplemented her ( presumably insufficient) drift motion with saccadic motion via her head movements. The authors concluded that the brain preferentially samples visual information in a discrete fashion (via 'saccadic movements, of the head or the eye'), rather than via the smooth, continuous scanning of a scene [87] .
(c) Alternatives to retinal stabilization: entoptic images, afterimages and tightly timed correlations
Aiming to study how lack of eye motion affects perception, some classic and recent research has moved away from stabilization attempts, relying instead on alternative approaches to achieving ocular stillness.
(i) Entoptic images
One clever way to get around the various technical issues that stand in the way of perfect retinal stabilization is the study of entoptic images, which-together with afterimages-provide a tantalizing glimpse of everyday vision in the absence of eye motion. In 1996, Coppola & Purves [89] set out to study the perception of the entoptic images (formed by retinal vessels and other structures within the eye that become briefly visible when illuminated), which are completely stable with respect to the eye because the vessels are attached to the retina. They found that visual fading could happen in less than 80 ms.
(ii) Afterimages
Unlike our perception of regular images, our perception of afterimages is eminently unstable, in that afterimages appear to wobble during fixation, presumably owing to the concurrent production of fixational eye movements [90] . Because of their perfect correspondence with eye motion, afterimages may be a useful tool to study the interaction between gaze (in)stability, perception and the time course of adaptation.
(iii) Tightly timed correlations
Unlike the strategies discussed thus far, this approach does not attempt to eliminate or minimize ocular motion. Instead, it depends on identifying precisely when eye movements occur, to then relate them to ongoing changes in perceptual or neurophysiological responses, via tightly timed correlations and analyses. Martinez-Conde et al. [27] developed such a method to study how microsaccade production affects visibility during a Troxler fading task. Reasoning that the perceptual fluctuations one experiences during Troxler fading (figure 5) might be due to changes in microsaccade occurrence, the authors asked human subjects to continuously report on the visibility of a visual target (which was designed to fade from view about 50% of the time during fixation), while measuring their concurrent fixational eye movements. The results showed increased microsaccade rates before transitions to increased visibility, and decreased microsaccade rates before transitions to fading or decreased visibility (figure 7), both for targets presented peripherally and parafoveally [27] . Later studies extended the results to foveal presentations of fading stimuli ( [26] , including minute rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160204 visual targets entirely circumscribed to the area of the fovea [31] ) and to targets of varied contrasts [31] and spatial frequencies [91] . However, the correlations observed between increased microsaccade rates and higher visibility did not necessarily prove that microsaccades enhanced perception. Instead, it could be that a third, unknown process, produced both changes in perception and changes in microsaccade rates. To rule out this possibility, McCamy et al. [26] conducted a new experiment in which subjects had to report on the visibility of a target that varied physically in contrast. The authors then used the reaction times to such physical changes to estimate the times at which perceptual fluctuations occurred for targets that did not change physically. The results showed changes in microsaccade rates to precede the perceptual changes, and thus indicated a causal relationship between microsaccade occurrence and target visibility.
This same study also developed quantitative analyses of the contribution and efficacy of microsaccades (and other eye movements) on perception, defining the microsaccadic contribution as the percentage of perceptual changes caused by microsaccades, and the microsaccadic efficacy as the percentage of microsaccades that caused perceptual changes. The results showed microsaccades to be the most important contributor to restoring the visibility of faded targets during fixation [26] . An ensuing study asked about the role of the different fixational eye movements not on the reversal of fading, but on its prevention [33] . The findings indicated that the reversal of fading (i.e. the restoration of visibility) and the prevention of fading are mediated by different fixational eye movements, and likely have different neural bases. Whereas microsaccades are most important to the restoration of visibility after fading, both microsaccades and drift may prevent fading from occurring in the first place. Put another way, the combined action of microsaccades and drifts prevents the regular occurrence of fading in natural vision, but not perfectly. When fading does occur (despite the combined actions of microsaccades and drift), microsaccades are most effective to reverse it and restore visibility during fixation. Indeed, the available evidence suggests that microsaccades are capable of restoring the visibility of any and all targets that do fade during fixation.
Conclusion
The concept of ocular fixation must be understood in relative, rather than absolute terms. This is both because there is no such thing as perfect fixation-owing to the constant occurrence of microsaccades, drift and tremor while one tries to fixate-and because no current technologies enable the complete removal, or perfect compensation, of eye motion. Yet, there is a long history of investigations concerning the perceptual effects of eliminating-or at least, minimizing-eye motion. These studies have encompassed approaches including various kinds of retinal stabilization techniques, work on entoptic images and afterimages, tightly timed analyses of perceptual and ocular events, and occasional clinical case studies of patients suffering from reduced ocular motion. This combined body of research highlights the instability of human gaze, even in conditions of sustained fixation in which our subjective experience wrongly informs us that our eyes are steady. Such relentless eye motion serves many critical functions, such as the efficient sampling of our visual environment, as well as the prevention of the neural adaptation and perceptual fading that would ensue whenever we faced unchanging visual stimulation. More generally, the findings reviewed here underline the conclusion that natural vision, although often characterized in terms of its spatial properties, is also a temporal process, in which many of its time-based characteristics are derived from the dynamics of eye movements-even during the attempt to fix one's gaze.
